Tree height is an important vegetative structural parameter, and its accurate estimation is of significant ecological and commercial value. We collected UAV images of six tree species distributed throughout a subtropical campus during three periods from March to late May, during which some deciduous trees shed all of their leaves and then regrew, while other evergreen trees kept some of their leaves. The UAV imagery was processed by computer vision and photogrammetric software to generate a three-dimensional dense point cloud. Individual tree height information extracted from the dense photogrammetric point cloud was validated against the manually measured reference data. We found that the number of leaves in the canopy affected tree height estimation, especially for deciduous trees. During leaf-off conditions or the early season, when leaves were absent or sparse, it was difficult to reconstruct the 3D canopy structure fully from the UAV images, thus resulting in the underestimation of tree height; the accuracy improved considerably when there were more leaves. For Terminalia mantaly and Ficus virens, the root mean square errors (RMSEs) of tree height estimation reduced from 2.894 and 1.433 m (leaf-off) to 0.729 and 0.597 m (leaf-on), respectively. We provide direct evidence that leaf-on conditions have a positive effect on tree height measurements derived from UAV photogrammetric point clouds. This finding has important implications for forest monitoring, management, and change detection analysis.
Introduction
Tree height is an important vegetative structural parameter and one of the key attributes of forest inventories, and its accurate estimation is critical for many ecological and commercial applications. Previously, digital aerial photographs (including satellite and aerial images) and LiDAR (light detection and ranging) point clouds [1] [2] [3] [4] were the major data sources that were utilized to find this information; recent advancements in unmanned aerial vehicles (UAVs) and sensor technology have provided another remote sensing toolset for obtaining tree height information [5] [6] [7] [8] .
Both LiDAR and image sensors can be attached to UAVs to collect required data. Three-dimensional (3D) point cloud can be produced directly from LiDAR sensors or indirectly from overlapping UAV images processed in computer vision structure-from-motion (sfm) and photogrammetry software. Compared to the UAV LiDAR system [9] , which is capable of penetrating forest canopy layers and reaching the ground, the UAV camera has the advantage of being more affordable, portable, and easier to deploy.
In recent years, there has been a huge increase in research and applications using UAV images for tree detection, vegetation mapping, monitoring, and forest inventory purposes. Numerous studies have used UAV images to generate point clouds and digital surface models (DSMs) and then extract forest vegetative structure parameters at either the stand or single-tree level using either area-based [10, 11] or individual tree-based [12, 13] methods. Recent studies have shown that digital aerial photogrammetry performs as well as airborne LiDAR in the derivation of tree or canopy heights [8, [14] [15] [16] .
This technique has been applied to various types of vegetation, including urban forests [17] , boreal forests [18] , temperate deciduous trees [19, 20] , temperate mixed forests [21, 22] , coniferous trees [6, 14, 17, 23, 24] , tropical monoculture plantations [25] , palm plantations [26] , citrus trees [27] , olives [28, 29] , almonds [30] , and even herbaceous and grassy vegetation [31, 32] . With the reported ground sample distance (GSD) varying from 1 cm to 20 cm, tree height estimations can achieve root mean square errors (RMSEs) from less than 10 cm to a few meters [33, 34] .
The researchers in [19] were among the first groups to study the 3D mapping of vegetative phenological dynamics using a computer vision technique on UAV images; they later [20] evaluated optimal altitude, overlap, and weather conditions for forest structure estimation using UAV images; they found that clear lighting and high image overlap (>80%) are conducive to accurate canopy height estimation. Many researchers have discovered or proposed that the indirect measurement of tree height as ground truth always contains some degree of error or uncertainty [6, 14, 35] . An accurate digital elevation model (DEM) of the bare earth or ground is critical to tree height estimations [4, 12] . UAV image acquisition settings and processing parameters, along with forest types and canopy structures, are major factors that influence tree height estimation. Many studies are currently identifying these factors and quantifying their effects on the accuracy of tree height estimation.
In this study, we collected time series UAV images when some trees were in phenological transition from late spring to early summer. These deciduous trees changed from leafless to sparse leaves and full leaves, while some other evergreen trees were fully covered with dense leaves. We demonstrate that tree canopy structure factors, especially foliar amount or volume, can have a great effect on tree height estimation using UAV images. Although it was suspected or implied in some previous studies [19, 22, 25] , to the best of our knowledge, this is the first time that direct evidence has been presented at the individual tree level.
Materials and Methods

Study Area
The study area was located in the Qishan Campus of Fuzhou University (119 • 11' E, 26 • 03' N; Figure 1 ), China. The region has a mid-subtropical climate, with mostly flat terrain and some gentle slopes. Many tree species are planted on the campus, with the majority being broadleaved. We focused on six tree species, including Dita trees (Alstonia scholaris (L.) R. Br., hereafter abbreviated as AS; this same convention is used for the other species), Umbrella tree (Terminalia mantaly Capuron, TM), Sweet Osmanthus (Osmanthus fragrans (Thunb.) Lour., OF), Cherry (Cerasus serrulata (Lindl.) G. Don ex London, CS), Ginkgo (Ginkgo biloba L., GB), and White fig (Ficus virens Ait. var. sublanceolata (Miq.) Corner, FV). Of these species, AS and OF are evergreen trees, while the other four are deciduous, shedding their leaves in autumn or late spring and regaining their leaves in summer. Figure 2 presents the ground perspective images of these trees. These trees are planted either in rows along traffic routes or in pockets in open areas. 
Field Measurements
UAV images, tree measurement data, and ground control points were collected for this study. From the end of March to early April in 2019, we conducted the 1st tree height and crown diameter measurements of six tree species.
We used an electronic total station (TS) to obtain tree height by first pointing the lenses of the TS to the base of the tree stem and then to the top of the tree. A measuring tape was used to measure the crown diameter, which is the average length of two length measurements across the crown. We estimated that the tree height measurement accuracy was approximately 5 cm, and the crown diameter measurement accuracy was approximately 30 cm. A real-time kinematic global navigation satellite system (GNSS) receiver (i70 from Shanghai Huace Navigation Technology Ltd., Shanghai, China) was used to record the tree stem position and its elevation above the ground. Accuracies within a few centimeters, both horizontally and vertically, can be achieved under favorable conditions when the vegetation canopies do not obstruct the signals. A total of 174 trees were measured. Table 1 summarizes the tree height statistics. We conducted the 2nd tree height measurement in early June. A subset (56 out of the original 174) of trees was measured again in the field. Table 2 shows the means and standard deviations of the tree height changes for some of the trees re-measured during this period. We used a consumer-grade quadcopter drone with a built-in effective 20 M pixel camera (DJI Phantom 4 Pro from DJI Technology Co. Ltd., Shenzhen, China) to collect aerial images at multiple dates corresponding to different phenological phases. The missions were planned in Pix4dCapture, a UAV mission planning and control app that is installed on a smartphone or tablet. Missions were planned to generate 2D maps; after drawing the mission area, the ground sampling distance (GSD) and overlap ratios (including front and side overlaps) were specified; the camera viewing angle was set to nadir (pointing to the ground). Then, the planned waypoint information was transmitted wirelessly to the drone's autopilot, and the drone took off and performed the task; after completing the mission, it landed automatically. Each mission took less than 20 minutes. Multiple drone image acquisition missions were executed from mid-March to late May. The amounts of leaves on those six tree species when we acquired the drone images on March 29, April 17, and May 30 are shown in Table 1 . Weather conditions during those missions were usually fine with no or light wind; the GSD was close to 5 cm (the takeoff point of each mission changed slightly sometimes); the overlap was set to be sufficiently high (with a front overlap of 90% and side overlap of 80%). The i70 GNSS receiver was also used to measure the positions of the ground control points (GCPs), which tie the reference coordinate system to the UAV images and products. Tree stem positions and GCPs are all in China Geodetic Coordinate System 2000.
UAV Image Processing
UAV images from three dates were processed separately in a commercial UAV photogrammetry software Pix4Dmapper version 4.3.31 (Pix4D SA, Lausanne, Switzerland). For a more detailed description of the principle and processing steps of this type of sfm software, the reader can refer to [19, 36] . To generate a dense point cloud from overlapping UAV images, we used the following processing parameters in the point cloud densification step: the image scale was half (the default value) with the multiscale option selected; point density was set to be optimal; the minimum number of matches was three.
After the processing of UAV images is finished, in addition to the dense point cloud, the software also generates a quality report. Based on the reports, we found that based on the GCPs, the RMSEs in both the X and Y directions were 0.01-0.07 m, the RMSEs in the Z direction were 0.03-0.12 m, and all values were within three times the value of the GSD. The generated dense points had average densities that varied between 35 and 50 points per square meter. This point dataset provided spatially accurate and sufficiently dense quality point cloud data for further processing and extracting of tree height information.
Tree Height Extraction and Analysis
The tree height extraction and analysis approach developed in this study was comprised of three steps: point cloud processing, tree detection and height extraction, and an accuracy assessment for both the DEM and tree height. Figure 3 presents a conceptual workflow of this methodology. To minimize the influence of factors other than the leaf volume change during the phenological periods on the tree height estimation, the UAV image acquisition settings (GSD, image overlap, and weather conditions) and the image processing parameters were set to have the same values. In this section, in the following processing steps, we also keep the parameters in various algorithms the same or comparable for each data set.
Point Cloud Processing
A point cloud was first prepared using the lasnoise function from LAStools [37] to remove the noisy points and outliers in the image matching point cloud. The module looks for and removes or classifies isolated points based on point density in the neighborhood; the noise was removed by setting the "-isolated" parameter to be three in our study. Then, the point was filtered by the cloth simulation filter (CSF) algorithm proposed in [38] , and the point cloud was classified into ground points and non-ground vegetative points. From the classified ground points, DEMs with a 20 cm resolution were generated by linear interpolation of the triangulated irregular network (TIN). Finally, the Z value of the point cloud was subtracted from the elevation value of the corresponding DEM to obtain the normalized elevation point cloud, thereby eliminating the influence of the ground fluctuation on the tree height estimation. 
Individual Tree Detection and Tree Height Extraction
Both the UAV photogrammetric point cloud and LiDAR point cloud are spatially discrete 3D point sets. Currently, algorithms used for individual tree detection based on LiDAR data [13] have also been applied to UAV image point clouds for tree detection and height estimation. The local maximum filter (lmf) [39] , which is implemented in the lidR package in the R software [40] , was used in our study. We searched for the treetop in the normalized elevation point cloud with a circular, fixed-sized moving window whose size was slightly larger than the average crown width measured in the field. In addition, the minimum tree height threshold was set according to the minimum of the measured tree height for each species (see Table 3 for these values). If a point was the highest point locally and it was above that threshold, it was marked as a treetop candidate.
All tree tops with positions (X and Y coordinates) and heights (Z coordinate) were extracted and used for further accuracy assessment. Table 3 . Local maxima filter parameters (in meters) for different tree species used in this study. We evaluated tree detection results first by matching the treetop positions with their corresponding stem positions measured on the ground using the GNSS receiver. The location of each field measurement was taken as a reference, and the position of the treetop extracted by the lmf algorithm was matched with that of the reference tree. If there was only one treetop detected within the boundary defined by the field measurement position within a 2 m radius neighborhood, it was 
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Individual Tree Detection and Tree Height Extraction
Both the UAV photogrammetric point cloud and LiDAR point cloud are spatially discrete 3D point sets. Currently, algorithms used for individual tree detection based on LiDAR data [13] have also been applied to UAV image point clouds for tree detection and height estimation. The local maximum filter (lmf) [39] , which is implemented in the lidR package in the R software [40] , was used in our study. We searched for the treetop in the normalized elevation point cloud with a circular, fixed-sized moving window whose size was slightly larger than the average crown width measured in the field. In addition, the minimum tree height threshold was set according to the minimum of the measured tree height for each species (see Table 3 for these values). If a point was the highest point locally and it was above that threshold, it was marked as a treetop candidate. All tree tops with positions (X and Y coordinates) and heights (Z coordinate) were extracted and used for further accuracy assessment.
Accuracy Assessment
We evaluated tree detection results first by matching the treetop positions with their corresponding stem positions measured on the ground using the GNSS receiver. The location of each field measurement was taken as a reference, and the position of the treetop extracted by the lmf algorithm was matched with that of the reference tree. If there was only one treetop detected within the boundary defined by the field measurement position within a 2 m radius neighborhood, it was considered to be a correct match and counted as a true positive (TP); if there was no treetop detected, it was called a false negative (FN); if there was more than one treetop detected, it was called a false positive (FP).
We calculated recall (r), precision (p), and F-score (F) using the following equations [41] :
F was a comprehensive index that was used to evaluate the individual tree detection results. The DEM and tree heights derived from photogrammetric point cloud processing were validated against the field-measured stem ground elevations and tree heights, respectively. ArcMap 10.2 (ESRI Inc., Redlands, CA, USA) was used to extract elevation values from DEM layers. Similar to [6, 14] , we calculated the RMSE and mean error (ME) to quantify the total error and systematic error, respectively, in the ground elevation and tree height estimations; we also calculated the coefficient of determination (R 2 ) (also called the prediction strength) for the tree height evaluation.
Results
DEM Accuracy
The DEMs of the A. scholaris, T. mantaly, and F. virens plots were used for accuracy evaluation because the precision of the ground elevation measurement using the GNSS receiver was higher (within a few centimeters) at those sites than at other sites, where the canopy cover interfered with or obstructed the GNSS signal and a fixed solution was unavailable. From the computed ME values in Table 4 , the ground was systematically overestimated by approximately 10-20 cm; based on the RMSE, the total error of the DEM was consistently approximately 20 to 35 cm. Because the terrains of the study sites for these tree species are mostly flat and gentle and a certain amount of the ground is visible, it is reasonable that some small errors were introduced during the interpolation when the DEM was generated from the processed point cloud and again when the elevation value was extracted from the DEM for comparison. 
Tree Point Distribution Time Series
From the normalized elevation photogrammetric point cloud, tree sample areas were selected via clipping from each point cloud for multitemporal (time series) point cloud comparison; we manually removed the points of low shrubs and other irrelevant objects; thus, only the points of trees that we are interested in were left. Tree points from three periods were displayed in the same cross section using different colors (Figure 4 , left column); tree height information was also presented in those cross sections: at each field-measured stem position, the field-measured tree height was added to show where the treetop was. That way, not only could one observe the differences in point distribution among them but also determine how well the canopies were reconstructed from the UAV images during the three time periods. In addition, similar to the canopy height profiles presented in [19] , we generated a vertical profile of tree point count percentages (Figure 4 , right column); points were stratified into height bins of either 0.5 m (for tree species higher than 5 m) or 0.25 m (for tree species whose mean height is less than 5 m) for analysis. . The right column shows the vertical profiles of the fractions of tree points from the given normalized point cloud. Note that for different tree plots, their sizes (distance is represented on the x-axis in the left column) are not the same; it is expected that there is some offset between the treetops and tree stem positions. For evergreen species AS and OF, whose leaf amounts showed no visible change during the three periods, there was no significant difference in the vertical profiles of the canopy (Figure 4 , first 2 rows). Moreover, the reconstructed canopy height was very close to the field-measured height, and the point cloud distribution trend was roughly the same for the data from all three periods.
For four deciduous species, the point distribution patterns shown in Figure 4 are quite different from the patterns of the evergreen trees. The leaf conditions of TM and FV during the three periods went from sparse, old leaves (for TM its leaves were all gone on March 29) to sparse, new leaves, to dense, full leaves. It is apparent that the vertical profiles of those trees changed. The histograms of the point distribution (Figure 4, middle section) show that the number of points in the crown increased gradually, with an apparent upward trend. Furthermore, the number of low points near the ground (less than 5 m) decreased steadily, and the reduction was particularly notable in the data from May 30. The point cloud of TM and FV shows a layer-like upward growth pattern from blue to green to light coral; in addition, the final reconstructed canopy structure is more complete, and the distance to the measured tree height is the smallest. However, for some trees, there is still a gap between the reconstructed canopy top and the corresponding red dots.
The leaf conditions of CS and GB during the three periods changed from leafless, to sparse, new leaves, to denser leaves. Most of the CS and GB trees were not reconstructed from the UAV images in the first two sets of data when their leaves were absent or very scarce. Some of the trees show up in the point cloud from May 30. In our study site, CSs are juvenile trees that are smaller in size than the other two deciduous tree species that we described previously. On May 30, even though the leaves were almost fully grown, the canopy density was still thin. Even to this day, for many Gingko trees, there was still a comparatively large gap between the measured tree height and the point cloud treetop.
For deciduous trees, one trend can be observed: as time progressed, there were more leaves in the tree canopies, which resulted in higher-density photogrammetric tree point clouds ( Table 5 , TM and FV) and better canopy reconstruction (Figure 4 , left column, with the reconstructed canopy top closer to the real treetop). For evergreen trees whose leaves do not change much, the trend is not as significant (AS and OF in Table 5 ). 
Tree Detection and Tree Height Evaluation
Comparing the treetop positions extracted by the lmf algorithm to the field measurements, the r, p, and F scores were calculated for the three periods, and the ME, R 2 , and RMSE values were computed for tree height estimation (Table 6 ). Table 6 . Individual tree detection results and height estimation accuracy on the three dates. TP (true positive), FN (false negative), FP (false positive), recall (r), precision (p), F (F score), RMSE, and ME are presented using the field measurements as references. For evergreen species, the tree detection rate of the F score is always greater than 0.9 and shows little variation (0.98, 0.91, and 0.94 for AS and 0.91, 0.97, and 0.97 for OF during the three periods); the same is true for the RMSEs of the tree height estimation. The ranges of RMSEs were 0.43-0.59 m and 0.35-0.38 m for AS and OF, respectively. The estimated tree heights of AS and OF during the three periods were similar to the overall distribution of the field-measured tree height ( Figure 5 ), and the R 2 and RMSE change trends are shown in Figure 6 . The mean error decreased gradually from −0.37 to −0.15 m and from −0.26 to 0.04 m for AS and OF, respectively. Figure 5 . Box-and-whisker plot of the measured height and estimated height on the three dates for evergreen species AS (a) and OF (b). The red points indicate the tree height average; N is the sample size, which can be either the number of field-measured trees or the number of trees that were correctly detected from the photogrammetry point cloud. For deciduous trees TM and FV, clear change patterns emerged, as seen from the statistics in Table 6 . From March to May, as leaves became thicker in the canopy, the tree detection rate of the F score increased steadily. The estimated tree height gradually increased and approached the fieldmeasured tree height (Figure 7; Figure 9 ); the tree height estimation errors (RMSE and ME) decreased significantly ( Figure 8 illustrates the declining RMSE trends for TM and FV, while the R 2 increased gradually). For deciduous trees TM and FV, clear change patterns emerged, as seen from the statistics in Table 6 . From March to May, as leaves became thicker in the canopy, the tree detection rate of the F score increased steadily. The estimated tree height gradually increased and approached the field-measured tree height (Figures 7 and 8) ; the tree height estimation errors (RMSE and ME) decreased significantly ( Figure 9 illustrates the declining RMSE trends for TM and FV, while the R 2 increased gradually).
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(a) (b) Figure 5 . Box-and-whisker plot of the measured height and estimated height on the three dates for evergreen species AS (a) and OF (b). The red points indicate the tree height average; N is the sample size, which can be either the number of field-measured trees or the number of trees that were correctly detected from the photogrammetry point cloud. For deciduous trees TM and FV, clear change patterns emerged, as seen from the statistics in Table 6 . From March to May, as leaves became thicker in the canopy, the tree detection rate of the F score increased steadily. The estimated tree height gradually increased and approached the fieldmeasured tree height (Figure 7; Figure 9 ); the tree height estimation errors (RMSE and ME) decreased significantly ( Figure 8 illustrates the declining RMSE trends for TM and FV, while the R 2 increased gradually). There were no CS and GB trees detected from the March 29 data, when the trees were under leaf-off conditions, probably due to a smaller crown size and tree height, as well as an open crown shape, tree detection and height estimation were more difficult and error-prone than they were for the other two deciduous tree species. However, with the progress of leaf growth, more leaves in the canopy helped increase the detection rate and lower the tree height estimation error. Still, the detection rate and tree height estimation error of GB in leaf-on state is worse than other species. 
Discussion
In this study of tree height estimation from UAV photogrammetric point cloud, we demonstrated the clear and distinct differences in the accuracies of height estimation among tree species and during phenological times for the same species. From late spring to early summer in the fast-growing season, the canopies of deciduous trees experienced a quick increase in leaf amount and volume. This change in the leaf abundance can have a direct effect on tree detection and height There were no CS and GB trees detected from the March 29 data, when the trees were under leaf-off conditions, probably due to a smaller crown size and tree height, as well as an open crown shape, tree detection and height estimation were more difficult and error-prone than they were for the other two deciduous tree species. However, with the progress of leaf growth, more leaves in the canopy helped increase the detection rate and lower the tree height estimation error. Still, the detection rate and tree height estimation error of GB in leaf-on state is worse than other species.
(a) (b) Figure 9 . Box-and-whisker plot of the measured height and estimated height on the three dates for deciduous species CS (a) and GB (b).
In this study of tree height estimation from UAV photogrammetric point cloud, we demonstrated the clear and distinct differences in the accuracies of height estimation among tree species and during phenological times for the same species. From late spring to early summer in the fast-growing season, the canopies of deciduous trees experienced a quick increase in leaf amount and volume. This change in the leaf abundance can have a direct effect on tree detection and height estimation: with more leaves in the canopy, denser photogrammetric point clouds can be reconstructed from UAV images, resulting in more detected trees, lower tree height estimation errors, and better results.
For tree height estimation using either LiDAR or photogrammetry point clouds, errors can be introduced from both ends (i.e., the ground elevation (DEM) and treetop positions). LiDAR technology is appealing and well-known for its unrivaled ability to penetrate canopies and reach the ground, thus obtaining accurate high-resolution ground elevations, even in forested areas [13] ; for the photogrammetric point cloud, a large portion of ground information may be missing due to obstruction by the canopy cover, and the DEM derived from these data is usually not very reliable or useful [6] . DEM accuracy is generally affected by vegetation coverage, terrain slope, filtering, and the interpolation algorithms employed [19] . As we stated in the previous section, our DEM accuracy There were no CS and GB trees detected from the March 29 data, when the trees were under leaf-off conditions, probably due to a smaller crown size and tree height, as well as an open crown shape, tree detection and height estimation were more difficult and error-prone than they were for the other two deciduous tree species. However, with the progress of leaf growth, more leaves in the canopy helped increase the detection rate and lower the tree height estimation error. Still, the detection rate and tree height estimation error of GB in leaf-on state is worse than other species.
For tree height estimation using either LiDAR or photogrammetry point clouds, errors can be introduced from both ends (i.e., the ground elevation (DEM) and treetop positions). LiDAR technology is appealing and well-known for its unrivaled ability to penetrate canopies and reach the ground, thus obtaining accurate high-resolution ground elevations, even in forested areas [13] ; for the photogrammetric point cloud, a large portion of ground information may be missing due to obstruction by the canopy cover, and the DEM derived from these data is usually not very reliable or useful [6] . DEM accuracy is generally affected by vegetation coverage, terrain slope, filtering, and the interpolation algorithms employed [19] . As we stated in the previous section, our DEM accuracy assessment results show that RMSEs are relatively stable during the three periods, with less than a 10 cm variation. While some studies [31, 42] found that the accuracy of the DEM produced by UAV images varies with the season and it is most accurate in winter when the vegetation cover is low, we did not find that DEM accuracy changed notably with canopy cover or leaf amount in our study sites. This is most likely because the topography in our study area is generally flat with some gentle slopes, and some portion of the ground surface is still visible. Even if canopy occlusion occurs when the leaves are dense, it is still possible to rely on the terrain information of the surrounding area to fill the void under the tree. The DEM evaluation results in Table 4 also indicate a systematic overestimation error between 10 and 20 cm, which would have introduced a systematic underestimation error of 10-20 cm in the corresponding tree height.
Another key error source in height estimation from the point cloud is whether the treetop can be adequately sampled or reconstructed by the sensors. For the LiDAR sensor, the higher the point density is, the better the chance of capturing the treetop information; the same can be said for the photogrammetry point cloud reconstructed from digital aerial images. [14] observed that datasets with higher point densities provide higher tree height accuracy. However, the successful reconstruction of tree point clouds based on drone images is affected by many factors, some of which have been discussed in [6, 19, 20] . Among them are the UAV platform and camera, computer vision algorithms, image acquisition parameters (height and overlap) and natural conditions (wind and illumination), forest type (tree species, plant density, and crown shape), and phenology.
The focus of this study was on the effect of forest type and phenology on tree height estimation, with all other factors (i.e., image acquisition configurations, UAV images, and point cloud processing parameters) being under strict control (i.e., they were kept as consistent as possible). We have direct observations and evidence that tree species (evergreen and deciduous trees) and phenological phases can have various degrees of influence on tree height estimation and error contribution.
For evergreen broadleaved trees, such as AS and OF, the RMSEs of tree height estimation on the three dates were 0.43-0.59 and 0.35-0.38 m, respectively. These errors were rather stable during the three periods, especially for the OF trees, which have a more rounded and tightly clustered canopy or crown shape; most of the OF treetops were successfully reconstructed in the image point cloud (Figure 4 , left column, second row). The main error source for tree height estimation was from the DEM error (more than 70% contribution); for AS trees with a tabular to spreading crown shape, there were some small distances between the measured treetops and reconstructed canopies. The error analysis indicates that the DEM error similarly contributes approximately 30 cm to the total error (approximately 50 cm). Both of those trees experienced no apparent phenological transition during the study, so the tree detection rate, RMSE, and R 2 values remained relatively steady.
For the remaining four deciduous trees, our results show that phenological transition from leafless to full canopy plays an important role in the success of image reconstruction and accuracy of tree height estimation. When under leaf-off conditions, only some part of (e.g., TM and FV) or even none of the trees (e.g., CS and GB) could be correctly detected from the ill-reconstructed photogrammetric point cloud, and the majority of the height estimation error (RMSEs reached over 2.8 m and 1.4 m for TM and FV trees, respectively) came from the badly defined canopy in the point cloud, while the DEM errors played a minor role (consistently approximately 20 to 30 cm for TM and FV, respectively). With the increase in leaf amount, the quality of the reconstructed photogrammetric point cloud improved; there were more trees being detected from the point cloud, and the tree height estimation error decreased markedly. On May 30, the relative RMSE (RMSE over the mean tree height for the given species) for the TM and FV trees dropped to less than 10%, which was on par with that of the evergreen species AS and OF, while the relative RMSEs for CS and GB were still greater than 10%. Again, we observed similarities and differences among these deciduous species that have different crown shapes, leaf densities and branch patterns, and tree sizes. Leaf-on conditions are usually more advantageous for canopy reconstruction than leaf-off conditions; however, results with varied quality may be achieved for different tree species, such as those we discussed here.
Previously, some researchers observed the effect of leaf-off and leaf-on conditions on forest inventory attribute estimations. Dandois and Ellis [19] are among the first to mention this factor using an area-based approach. Miller et al. [25] observed that in the tropics during the dry season, drone point clouds cannot be used to accurately measure the plot-level height of small deciduous trees. Similarly, using an area-based approach, researchers from [22] observed a downward trend in tree height from early spring to fall, and they deduced that "leaf-on conditions may have a positive influence on measured tree height, and it is plausible that heights will be underestimated in leaf-off conditions." In our study, using an individual tree-based approach, we present the first direct evidence to show that leaf-on conditions are conducive to accurate tree height estimation.
Leaf-on conditions are beneficial to precise tree height estimation because a higher density of photogrammetry point clouds can be derived from leaf-on UAV images than from leaf-off images. Higher density points are most likely the result of higher textural variations in image content (brightness and intensity) and features detectable by the photogrammetry software [19] . It is likely that under the leaf-off circumstances or when the leaves are sparse, the canopy is somewhat transparent, thus in UAV images the ground and canopy pixels are intermingled; there are no significant spectral or textural differences between ground and leafless trees, so the sfm software is ineffective or unable to identify tree features from the drone images in these regions. It is also probable that for smaller-sized trees, images with a higher spatial resolution may be needed to detect crown features that are otherwise invisible in coarser GSDs. With more leaves in the canopy, the spectral and textural contrast between the ground and trees increases, which results in more detected features and facilitates better canopy reconstruction.
The overall effects of leaf abundance or canopy cover on tree height estimation are more complicated in areas without reliable ground elevation data. More leaves in a canopy helps tree reconstruction from the images, which is advantageous for tree height estimation, but at the same time, higher canopy-cover reduces the quality of the digital terrain data derived from this method, as demonstrated in [31, 42] , which in turn adversely affects the accuracy of tree height's estimation. An approach similar to the one proposed in [10] could be a solution to this dilemma.
There was a two-month time lapse between the date when tree height was first measured on the ground and the date of the last UAV image acquisition. During this period, there should have been some natural tree growth, thus height increments. From Table 2 , for most of the trees, the average tree growth was from 5 to 19 cm, whereas the growth of gingko was almost negligible.
From the mean error values reported in Table 6 , we found that tree height is generally underestimated from UAV photogrammetry point clouds; this is consistent with the findings from most other studies. In addition, the mean error decreased from March to May. For AS and OF, tree growth during this period certainly helped reduce the mean error to some extent, and the tree growth pattern was clearly visible in their point cloud distribution, as shown in Figure 4 . On the other hand, the influence of tree growth on the mean error for TM and FV height estimation was trivial.
Time series UAV images have been used for forest inventory updates, change detection, intensive monitoring, and within-season tree growth determination [6, 21, 22] . The observations and conclusions drawn from our study can have some important implications for forest management and research applications using this type of data. Tree species composition, seasonality or phenological timing, and other factors (such as tree size and crown shape) must be taken into consideration in the process of project planning and data analysis. For example, appropriate thresholds need to be determined for each tree species individually while performing a tree height change detection analysis, because at a given GSD, various trees can have inherently different height estimation errors and accuracies.
Conclusions
The main objective of this study was to understand some vegetative factors that can affect the accuracies of tree height estimations derived from UAV-acquired images. Our focus was mainly on the leaf abundance, which changes with seasonality and phenology. Using multitemporal UAV image data collected on three dates from late spring to early summer during the growing season, we generated photogrammetric point clouds from the images using computer vision and photogrammetry software. The tree heights of six species, including both deciduous and evergreen species, were extracted from the image point cloud with an individual tree-based approach and evaluated against the ground measurement. Our results show that for evergreen trees and some leaf-on deciduous trees, reliable and consistent tree height information can be obtained from this technique. We found that leaf amount has a positive effect on height estimation, particularly for deciduous trees; as the leaf amount increases in the growing season, the sfm algorithm is able to detect more features from the UAV images and reconstruct more canopy point clouds; this helps improve the tree detection rate and lower the height estimation error.
We also noticed that for species with various crown shapes and sizes, the ability of the sfm software to reconstruct the canopy point cloud from images differs; additionally, tree height estimation errors are inherently different for different species. Some trees are more difficult to reconstruct fully and have higher fidelity than other trees. More studies are needed to quantify the relationships between crown shapes', image textual or spectral variation contents', detectable vegetative feature points', and vegetative structural attributes' (including tree height, crown width, etc.) estimation errors.
To obtain meaningful forest inventory attributes, including tree height information, in a UAV image acquisition campaign, we need to consider both phenology and plant vegetative structure (i.e., crown shape and tree size) carefully. Data of the studied species should be collected under leaf-on conditions, or it should be ensured that there is enough textural variation between the ground and the trees, and that proper image resolution can be defined beforehand to ensure that the objects studied can be reconstructed and detected from the data. 
